Esse trabalho apresenta uma nova ferramenta computacional, para análise avançada estática e dinâmica de estruturas de aço reticuladas planas, desenvolvida com base no Método dos Elementos Finitos. Duas fontes de não linearidades são consideradas nas análises: a geométrica, que considera os efeitos da deslocabilidade da estrutura; e a física, causada, principalmente, pelas características mecânicas dos materiais utilizados na construção civil. Imperfeições relacionadas com o carregamento, geometria do sistema e tensões residuais podem, também, serem consideradas. Para se ilustrarem alguns dos recursos e análises que diferenciam essa ferramenta dos programas comerciais existentes, a estabilidade estática e dinâmica de alguns sistemas estruturais, com ligações rígidas e semirrígidas, é avaliada. As respostas obtidas por outros pesquisadores são usadas, para validar as formulações e as metodologias de solução não linear, implementadas nessa ferramenta, e para atestar a eficiência desse programa caseiro de análise estrutural. 
Introduction
With the development of the civil, naval, oceanic and aeronautical industries, the appearance of more resistant material, and creation of new constructive techniques, the nonlinear behavior of the systems begins to be relevant in diverse problems of structural mechanics, and should be considered in the analyses. In addition, engineering interest in designing lighter and more slender structures is growing and the final structural system product is becoming more competitive. Moreover, these lighter and more slender structures usually cannot be analyzed and designed without their dynamic effects also being considered. The unknown levels and characteristics of the dynamic response can lead to system failure during the cyclic loading application, due to the accumulation of structural damages. Related studies have been developed with the objective of examining steel structure nonlinear behavior, i.e.: Barsan and Chiorean (1999) , Maleck (2001) , Sekulovic and Nefovska (2004; 2008) , Zubydan (2010) , Aristizabal-Ochoa (2011 ), Yang et al. (2011 , Thai and Kim (2011) , and Vimonsatit et al. (2012) .
Therefore, with the changes in structural conceptions and the requirements for more needed verification of structural behavior, there is an increasing search for computational systems with resources for nonlinear static and dynamic analyses. According to Surovek-Maleck et al. (2004) and, more recently, Wong (2009) , although the computational tools that consider physical and geometrical nonlinear models, as well as geometric and residual stress imperfections, evolve quickly, the available commercial programs with all of these features are still a rarity. This may be due to the complexity of the analysis and the unfamiliarity of meaning and importance of these nonlinear effects in structural behavior. In this context, a new computational system for advanced structural analysis, CS-ASA, is presented in this article. The main characteristic of the program is the accomplishment of the nonlinear static and dynamic analyses of steel members and plane framed structures. In these analyses, the geometric nonlinearity, or second-order effects (P-D and P-d), can be simulated; as well as those introduced by considering semi-rigid connections, and steel inelasticity. The influence of initial geometric imperfections (out of plumbness and out of straightness) and residual stresses can also be considered. The introduction of all these nonlinear effects into the numerical models and formulations defines a Structural Advanced Analysis. This methodology for the analysis and design of steel structures makes it possible to establish the stability and ultimate strength of the structural members or system in a direct manner, without the necessity of separate verification of each member's capacity (Chen and Toma, 1994) . Structural systems with known numerical or analytical solutions are herein analyzed to validate the nonlinear formulations adopted and to demonstrate the applicability of the computational system.
The CS-ASA computational system
Developed in Fortran 95/2003 language (Metcalf et al., 2004) and based on the Finite Element Method (FEM), CS-ASA performs the nonlinear static and dynamic analyses of steel members and framed system structures. The three steps of the numerical simulation process (preprocessing, analysis and post-processing) are illustrated in Figure 1 . Pre-processing consists in the numerical model definition (data file input). The data related with the model is then processed to obtain the structural results (nodal forces, nodal displacements, among others) that will be printed in text files (post-processing). These files are exemplified in Figure 2 . The nonlinear effects simulated are also shown in Figure 1 .
Recently, Prado (2012) developed an interactive graphics preprocessing tool, named CS-ASA Preprocessor, whose primary purpose is to assist the analyst in using the CS-ASA. Besides the structural modeling (finite element mesh, boundary conditions, applied loading, semi-rigid joints, among others), information regarding the type of analysis as well as the solution strategy can be generated by the preprocessor developed. As a result of structural modeling and analysis definition, data files are produced, here called neutral files, which can be used by CS-ASA users as input information. All 
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Geometric nonlinearity
Connection flexibility
Member material yielding the necessary information to perform a structural modeling will be recorded in the FILEIN1.d file shown in Figure 2 , via CS-ASA Preprocessor ( Figure 3A) . The data to perform a nonlinear static analysis, or even a vibration analysis of a pre-loaded structure, is recorded in the FILEIN2.d file, and Figure 3B shows that the dialogues present in CS-ASA Preprocessor can help the analyst in the generation of this second data file. The FILEIN3.d input file is necessary when a transient dynamic analysis is performed. Besides the nonlinear FE formulation, other related data in this file are: time step number, time increment and iterative process tolerance. The nodal displacement, velocity and acceleration initial conditions, the viscous damping and the dynamic excitation function shall also be indicated. As in the two previous files, this third input file can also be generated using the CS-ASA Preprocessor ( Figure 3C ).
This interactive graphical environment was developed using the C programming language (Rangel Netto et al., 2004 implemented in CS-ASA for second-order, connection flexibility and inelasticity effects simulations (referenced in Figure 1 ) are shown in Table 1 . Such formulations are based on original publications indicated in Table 1 . The SOF formulations (second-order formulations) consider the effects of geometric nonlinearities. These effects appear due to geometrical modification of the structure during the body deformation process. Large displacements and rotations, but small deformations are supposed. The formulations SOF-1 and SOF-2 are based on the Bernoulli-Euler's theory of beams and follow the updated Lagrangian approach. The SOF-3 formulation is derived from Timoshenko's theory, enabling second-order analysis of thick structures, and the total Lagrangian reference is used. Unlike the criteria currently adopted in structural design, the joints between members do not behave the same as in idealized conditions: perfectly rigid or ideally pinned. The connections used in current practice present semi-rigid behavior that can substantially influence the structural system's stability and force distribution. Here, the semi-rigid connection is modeled as a spring element linking the structural members. The connection elements are physically attached to the ends of the beam-column element, maintaining the equilibrium and compatibility conditions, and the joint degrees of freedom are embedded in the beam-column stiffness tangent relationship. The spring's presence introduces relative rotations in nodes of that element's ends by modifying the equations that describe the nonlinear behavior of the structural system. Three different procedures are used to modify such equations that consider the effects of the connection's flexibility when programming the SRF formulations (semi-rigid formulations).
The steel inelasticity process changes the internal force distribution in the profile cross section and in all of the structure. Here, the study of the frame inelastic behavior is performed through PHF formulations (plastic-hinge formulations), which follow the basis of the refined plastic-hinge method. This method monitors the process of cross section early yielding until its total plastification, and residual tensions can also be considered. The plasticity effects associated with the formation of plastic-hinge are captured by a strength-reducing dimensionless parameter. This parameter changes with the level of loading by tracking the plastic region progress on the element ends and follow the specification recommendations.
In PHF-1 formulation, this parameter is defined by the plastic strength surface provided by AISC (2003 ) or NBR8800 (2008 . In the PHF-2 formulation, which follows the BS5950 (1990) standard requirements, this parameter is evaluated from the internal forces and geometrical characteristics of the section. Finally, the AAF formulations (advanced analysis formulations), which were obtained by modifying the PHF formulations, consider the influence of the connection flexibility in the structure's second-order inelastic analysis. Details on all these formulations and about the nonlinear solution methodologies adopted in static and dynamic analyses are in Silva (2009) .
The CS-ASA still does not have an integrated graphical post-processor for a quick visualization of structural response. The generated program results are then stored in files of different extensions for subsequent treatment. These files are exemplified in Figure 2 . The equilibrium paths, resultant internal forces diagrams, degree of member section plasticization, modes and frequencies of vibration, connection and section hysteretic behavior, displacements, velocities and accelerations time histories, resonance curves, and element internal forces are some of the results generated by the program. Table 1 Formulations implemented in CS-ASA.
Nonlinear effects Finite element formulations
Geometric nonlinearity
SOF-1 (Alves, 1995)
SOF-2 (Yang and Kuo, 1994 
Some modeling using the CS-ASA
This section shows some applications made with the CS-ASA program. Initially, Figure 4A illustrates the static analysis carried out with a classic structural system known as Lee Frame (Schweizerhof and Wriggers, 1986) . By its sensitivity to second-order effects, this slender frame is commonly used to validate the nonlinear solution strategies and the geometric nonlinear finite element formulations. The equilibrium paths, with load and displacement limit points, were obtained by controlling the horizontal and vertical displacements (u and v) of the point of load application. The complete curves were achieved using an efficient load increment and iterative strategies coupled to the Newton-Raphson method. Nonlinear iterative strategies as arch-length technique, minimum residual displacement norm, generalized displacement control, among others, are implemented in CS-ASA, and are also described in Silva (2009) .
The influence of static preloading on dynamic stability of a sinoidal arch is shown in Figure 4B . The geometric and connection nonlinearities are considered in this study. Nonlinear relationship between the distributed load P and the arch's lowest natural vibration frequency was verified for different support conditions represented by the S c parameter, which is defined as a function of arch bending stiffness EI. The increase in support flexibility, decreasing the structural system's stiffness, changes significantly the dynamic characteristics. Figures 4C and 4D show the nonlinear static and dynamic analyses results of a two-story frame with semi-rigid beam-column connections. The nonlinear behavior of these joints is simulated through the moment-rotation curves that can be described by mathematical models, i.e.: exponential, modified exponential, power with three or four parameters and multi-linear. The existing commercial programs represent such behavior through the multilinear model with a limited number of points representing the momentrotation curve. Four types of semi-rigid connections (named A, B, C and D) were considered. The initial stiffness of these connections (S cini ) is given in Figure 4C . Rigid connections (R) were also adopted. Geometric imperfections were induced through small intensity horizontal forces applied on the top of floors. The static analysis, considering the material to have elastic behavior, investigated the loading capacity and stability of the structure. The load-top displacement curves show that the limit loads are smaller for more flexible joints. In dynamic analysis, the frame with beam-column connections of the type C is subjected to cyclic loading, and the history of the structure's top horizontal displacement is presented in Figure 4D . It can be notice that initially the displacement oscillates with variable amplitudes characterizing the transient regime and after approximately 6s, enters into permanent regime, which is perceived by the constant movement ranging around ± 5 cm. During the period of constant response, the energy introduced into the structure by external load excitation and the dissipated energy by the semi-rigid joints is approximately equal. This can be verified by looking at the hysteretic cycle of joint L in Figure 4D .
Figures 4E and 4F are respectively related to static analysis where the effect of steel inelasticity is considered, and to dynamic analysis performed with a sevenstory frame with rigid and semi-rigid joints of the types E and F. In Figure 4E , noticeable is that the limit load factor increases with connection flexibility reduction. For the frame with rigid connections, the influence of the beams and columns plastic moment capacity in the structural behavior is evident. For the frame with semi-rigid connection type F with nonlinear moment-rotation behavior, it is apparent that the connection flexibility has considerable influence on the overall structural system behavior, since the connection failure moment (101.7 kNm) is significantly less than the beams' plastic moment (307 kNm). Figure 4F shows the influence of hysteretic damping promoted by semi-rigid connections on the frame amplitudes. No viscous damping was considered in this analysis. Figure 5A shows the dynamic behavior of a simple steel frame subjected to a harmonic base excitation of amplitude of 3.81 m/s 2 and vibration frequency equal to 15.7 m/s 2 . The possibility of consideration of this kind of excitation, which reflects the variation of soil acceleration over time, is extremely important because it allows simulating the earthquake effects.
Recently, a routine for simulating nonlinear cyclic material behavior was implemented in the CS-ASA system. So, the time-history nonlinear inelastic response of a planar steel frame is shown in Figure 5B . One can observe a permanent plastic deformation response when considering material non-linearity (refined plastic-hinge approach). It also shows the hysteretic path of moment-plastic versus deformation at support A, where it can be observed that there is energy dissipation throughout the plastic-hinges, which must be taken into account because it is essential in assessing structural energy absorption capacity when subjected to seismic excitations.
With the flexibility increase of modern structures, the geometric nonlinear effects can cause the appearance of undesirable vibrations. In this case, the relationship between vibration frequency and the amplitude of the response, the resonance curve, provides important information regarding vibration analysis, as it indicates the type, hardening or softening, and degree of non-linearity of the structural system. Figures 5C-D illustrates these analyses for the L-Frame. Figure 5C shows the frequency-amplitude relationship for different values of S c (stiffness connection) up to very large deflections. The frame shows a hardening behavior, producing an increase of the nonlinear frequency with the vibration amplitude. For a harmonic load (Figure 5D ), the resonance curves for the L-frame are obtained considering a perfectly rigid connection between the beam and the column for increasing values of the excitation amplitude, A p . This figure exhibits the variation of the amplitude of the steady state solution |q max -q min | with the frequency ratio W/w a , where W is the excitation frequency of the harmonic load and w a is the first natural frequency of the damped frame. The influence of the nonlinearity is small, which is explained by the frequency-amplitude relation shown in Figure 5C . However, as A p increases, the resonance peak moves to a higher frequency range due to the hardening character of the nonlinearity. 
Final remarks
A computational program developed for nonlinear static and dynamic analyses of steel framed structures has been presented. The numerical results obtained with this software demonstrate the validity of formulations implemented in CS-ASA. Accuracy and efficiency in nonlinear behavior assessment of the steel structures were also verified.
The possibility of considering different nonlinear effects in the numerical models and formulations enables the CS-ASA system for advanced structural analysis. It is noteworthy that while many commercial software packages currently provide some good methods for performing second-order analysis, few have a robust inelastic analysis capability, including codes and specification requirements, to be used in static and dynamic nonlinear analysis applications. 
A /P =0. 
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AISC. Manual of steel construction, load and resistance factor design specification for structural steel buildings. Therefore, the computational system presented here is a homemade developed nonlinear finite element tool with a very simple data-structure, and can be considered to be a powerful dedicated computational system for advanced analysis of steel structures. The graphical tool developed, the CS-ASA Preprocessor, with its friendly interface, assisted the authors in the structural models editing/visualization, and made the numerical studies more efficient. CS-ASA continues to expand, and a new feature is the possibility of solving bilateral contact problems between the structural system and its members (frames, arches, columns and beams) and an elastic foundation (Maciel, 2012) ; also recently, a new iterative strategy for nonlinear static analysis, based on normal flow technique, was developed and implemented in CS-ASA (Maximiniano, 2012) . It should be mentioned that a graphical post-processor for the CS-ASA is now being tested and the next publication should bring details of this new computational tool.
